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Research Activities

Undl~er th 11'currenit granit. we have' pimaiirily ilivestigate(1 tN W() ('hsses of eke-
troiiagm-it ic p14 lviliis. The first coiitaiii..s t~ qiu(ian tit at iv des(cSriptiton1 of nli

Crc WiLV4 Iwiat Ing~ of hisp ersixve and c Ioildic lit INvc mateialt'ls. Such pro1 deiiis arisie.
fo 314 xaliii 14. whe1 1411Iiologii'al t issIc iff clt(Xp )04'(. accidei('lt ally ori p)11] 4 sefilIN,

to IliIijeVlV 3~Vi(' aiat ion. O t her inlst aiiees ocnll. III eraltijeki pioct-ssiii, suich
;I,, Stilit V11ll, atit i11llC axt ;t1t' asist eci hieiljlicl %Ytploi* infjiltrtat'ion al'i (t1  dhrr

mill'It 1%! ld 41N19 l Pvlg Iii 4 It .(. N141VIaI it, l( ctiiiiig oif pll!its ailc I 41C1't 4't.

1* C11 ccol4d clasi, tliaiacteltic's tliP stcilter'ilig (If iiI W IvtS 1~ y iiil'
tatvO 1 t wi(i 454~I otI (IIl 1(114' Ijiate. tlengthi ald(/( U 1111W scales. Spa
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1. Optimal Power Absok'ption in Lossy Targets.
Whelme Il tinlie hilirnionlit electrom-agnetic wave inipiniges upon a lossy target

,I pot~iton~ of the' illci(lol't, wave is albsorbt'd. This absorption is due to ohimic
lit'at 11g whlen the imaterial is metallic, andl is dule to dipolar heating whenl
lie xilat eriai iq I tli~lV't't Iv. InI e,'t her case the power ab sorbed by the target

Whler' a I., the fict jvt' Ct coiiitIitiivity. U~ I" tie l ct- ric eld wi thin the tar-
get, ;111(1 1) is tile coblpiie 1 t regioli t cttipwie by t lit stiitttvi-ir. Ali imuport ant

(1114-4i ii tt1 )to bioiiiAe'll rest-Scrchier liljt ('r'stetl I II heatt ing t i~slu authl liuldistrlild

lest~uel ~in tei resto IIIl iii ii1te('iai p11 ce's"Iug Is tlit' eXist elict '11l I touiii iita

it ui of .1n opt imial ct idic mt ivit Whetrt' the un1a~crial hea " utst efhicieiitly.

Fil siunhl (7 it is ;juIpprelit trouiI (1'I) ;iI NIImell eqpual ionls bt !

(2) Q (71 E3 Vt~rljd

wmlr Eis theni o~etri si el~ ofl the i 1ag )u avi la =0 h:,Q pra v

t'Xpouit'ilt .1N.sl,1ou6vof ;kvery t hit I 'ra- .11 i (.1 few skiil deIpt his
ill thickliviss) Sotimt lithIle .11 mvc~ it ptIlov~t gi vt:iI by (1) i~pploac'hivs zron ili

this limit too (i-li]. Since thle fiunctionis appearinig inl (1) aire hiffiement ml with
ucshpet't tot (T. ;I lilaXiliiili ab~sorbe it(lower Q2 occimli ; for an (11)1 iuuin (7 Cl'.

Th'le functional tiepeuciidcec of o ali ;1 (2' ii* )1oi t he' varioustlecrcl h"
gCeuuinctri ciii Immauint'ers of thit' tar-gct wvill be ct iliiplicit ed ut it1 . ill get ieral a, t--

c'slleonily thmrouigh et'Xt('isivet IiuitII(TIC:] 5ctitteu-iuig cc JllI litfitions. Ini IIef-

give" thmis relaItionship anld significantly refduicts time numberlt' of co~il1 utltatiOums.

We have clioscil the prob~lemti of TM scat~terinig fm-oin a finite, hicumlogencouls.
alidl ih sy dielectric Slab to demilonstrate the' mnet~lioti, 1)ecause we can commimrell
the exiict results with our approximaztion1S.

Specificallly, we have obtainled large 0- midh sniall a eXpanlsionls of the solui-
tions (lircctly from Maxwell's eqiuationms andi 11ive Compjutetl the c'orresp~ondl-
ing limits of (1). We have used a pade [iii] applroximiation to blend these
results. This approximation lias both limints built into it as well as a sinooth
transition between thenii. The validity, accuracy, and~ refinemencits of this ap-

p)roachl, as Well as its extensioni to higher olinmemmliolms, are und~er inivestigation.
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We have recently begun the study of an analogouis problem in which a
Debye nmedium absorbs microwave energy. The idea is to blend the low fre-
quenlcy and high frequency expansions of the electric field together, using
padc [liii and Galerkin [iv] approximiations, to obtain anl approximation that
is uniform over a large bandwidth of frequencies. Preliminary calculations
onl the pade approximiation are quite encouraging and refinemnents of these
approaches, as well as its extension to higher dimensions, are under inlvesti-
gation.

2. Microwave Heating of Ceramic Materials.
W~e have miodeled anld analyzed the heating of a ceramiic slab [2,4] under

TM-1ihnniniation Iin the small Biot numibcr regime. The temperature dis-
trib~utionl is almnost spatially uniform inl this limit anid its evolution in time
is governled ',y3 a first ordler nlonlinear anilplitude equation. This equation
adllnit~s al timle iilpl(etsoluttioii which is a inultivalued function of the
mnicrowatve power. The graph of this steady temnperature as a function of the

nil~rwavepowevr gives an1 S-shalped respoCilse ciii've when the electrical con-
(hiet ivity is Inlodeled(i ithe(r as anl exponlential function of temiperature or anl
Arrieniuiis law. The dynamics of the( heating p~rocess arc dleducedl, fromn the
aimplitiiude t'(plat~io~i ind the intiltiviluedl re~sponse, and are dependent upon
t~he mnicrowave powver aind inlitial conditions. For certain initial ('oi(litioiis and(

l)oXV(r l(','c'l thct evt' o \lves to the~ 1uppc'r iralchi of the responlse curve
whlichi 'orrel)011oids to tilnaIIl~l runlaway. Other inlitial coiithitioiis and( p)ower

levels force Owe syst ('in to evolve t~o the lower hrmixchmi ad ai safe silitering

W~ei iqwat-A ire.

T11his lieattiiig process caii be 'ontr1olled inl Somel( sense by varying the xili-

power(I "~' inl tillie at. a 1a t, (* ''il ii iieiil irate, wi th the t hernIaIll chan11ge's

(x,). Specif-icahlvy. t he( ( is aIllowed( to etig ll 11i1a exiponieit-ial tashiion

froiil a hilgher, to aIt lwer power level. This relationlship is t urxiu into a dif-

fereI(Ilti al cop xut it l which is a Ippo)ildeI(l to the aiillphitillde e(Il'ajlaoii to) forml anl

aiitoiioiulolis svstenxl of thle s-coixl ordler. This systemn is analyzed using ;I

phihsc'- pl~imeiiciet. hod s. The aliaily~sis shows t he i(-Xistciexjt of a stilbAe mlanlifold
xviiclm ohiviolt's Ole( phase phlaic in1to) two) parts: Traject~ories in the i'e gion 1h )ove,

this ci irvc vorresponld to tixa1,way heaitinig ~~liethose belowv yield st.ilble Sinl-
tevrilig. \ara Hils lieait-ing Scenarl-ls 11s ( Pre nseiltetd .I1( aioI ic i ii eferecie

NWe ha.ve Ioiifr(1asih lyiione comiplicated't conltrol pro(ce'ss [6) ill which
the rate of ('hialige of the( linicrowave power ill tiiiie Is v(111,1l to the S11iii of

two) t.('r11s: the first. is proportioall1 to thli power a1ll(l thel( .econld to the
temilperat tl.ci. \V~hiei thle sc'toiitl t.t'i'Iii is imeglectc~ O'le t pt'lower is axi1 exipoiiei tial
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function of time that increases from a given initial value to a final value which
is chosen to be consistent with the sintcring temperature [2,4]. For a wide
value of param-eters the analysis shows that the system does evolve to the
sinitering tempjerature. Unfortunately, the trajectory of the systemi passes
through temperatures which are above the melting point of the material and
this fact suggests, in the context of the one-dimensional model, that the
sample is destroyed. However, when both terms are p)resent in the control
equation and they are properly chosein, the analysis shows that the sintering
temperature can be reached without such an overshoot. Improper choices
give risc to temp~erature overshoots and even relaxation oscillations.

3. Microwave Heating of Dispersive Media.
We have recently extended arc one-dimensional work [8] to study the hecat-

ing of a conmpa~ct dispersive target by a p~ulsed, p)la~ne miicrowvave. The disper-
sive character of the medium is described by a Debye niiodel andl the conlduc-
tive nlature is inodleled by aim ionlic conductivity. The electrical and thermal
p~aramelters are allowed to depend up)on tempe~rature which gives rise to a
highly nonlinearal initial, b~oundlary value problem. The governinmg equations
are aiveraged in the limit as woTjj --+ oc) where T11 is a characteristic timie at
Which heat dliffuses III the target anld wc is the mimicrowave carrier frequenicy. A
two-step1 algorithiii is proposed for the muiimierical solutioni of tlhese equaItionis.
When convection is weak, the algorithiii coliverges ver-y slowly. However,
this probleimi is overconme by averaging the eqjuationis in the limit T,11/TU -4 0
wherev T13 is at characteristic tiniii (k'scrilbiig emiergy loss by conivectioni. This
averalging yiehIs~ at new theory fromim Whinchi a coils ide1(ralle amlolunt of inlfor-
illationm call 1wv deduced. Specifically, the teiillpera ture~ is spatially tiuiiformii inl
thme target. aid1 evolves ill tile accordling to a first order, ordliary (liflerviltiall
equantiomn. The iioninhiearit~y ill this e(jua1,tiOii is il fuiiie'tiOiiah Of thV( (d(0(t.I'iC he~ld
within the target. This equation is solved1 for a iiuiiiilber of specific exampmjles
aimld p~hysical conlch msioim's are dIrawnm ab ouit certain heating 1)io)((ss('s. Finially,
the prob lemm of c-ontrolled hieatinmg is address"ed where linear feedlback is) shownl
to 1be '1(lequa ;t e ill achiievinmg a p)redlet 'mIiuiined hima'l temipera ture

4. Microwa.'e Processing of Thin Ceramic Rods.
W~hmenii thmin cylhind(rical ceralimuc saiillple is hecated inl a siligle umlode waveg-

uiled appl~icator aim iiitc('rc imig idimeiilill 1A micoielmomicl (lftIt-i OcmmiS. A 10UloldZO(I

hot. spot. formls liiear thme eviter of thle saiiijple ami1d sjpreadls oumtwaril fromi this

)oiiit. raising the elt-ire ceramlic to al ciieeva tei telillperatuire (- ).This oc-
curs ( well thmotigli the ('lectric fie~l( ili~te'i5~t i's e~sceiti ally conistanmt a ()l(mg thec

axis of thec. evimm her.



We have const~ruct~ed a simple m-athemnatical [9] model based upon the
small Biot number limit which gives a p)lau1sible explanation of the formla-
tion, prop~agation, and growth of these hot-spots. Our model is simpler and
easier to analyze than the one used in (v) because the variations of the
temperature in the cross-section have been averaged out and this yields a
reaction-diffusion equation in only one spatial variable. The dimensionless
diffusion coefficient is given by

E= (a/Lf)i
B,

whcre a is the radius of the rod, L is its length, and Bi is thc Biot nilunber.
This constant canl bc quite small cspecially when one is interestedl in silitering
ceramic fibers. Thus, thle problmcn reduccs to a singulaxly 1 )erturbecl reaction-
dliffusionl equatio)n of which mnuch is known.

We have recently extended this work along two lines. In thle first [14] we
have allowed tethernlial conductivity, thle heat capacity, anld the denlsity
of the cerainic to (eplC)nd u11)o1 temiperature. Although these dependencies

ar-usually iiegleCtc(l wheim Comlparedl to the orders of illagiliituie c'haiige
that occurs inl the electrical colidluctivity, they are significant inl affecting
the Velocity anld ultimiate character of the llot-5)ot (lylii.llii('. A coiiililete
descrilptioii of this iiieeliaiisiii is colitaiiiedl ill Recfeipiic'e 14.

XýVe have also analyzed this hecatinig problemn when the samlple is rotated 90"
ill the cavity [16'1. The niodel iiow takes the forii of a ii' iilinear parlabolic
eqImaIt-ioji of reaIctio'm-dciffhmsionl type. wi th a sp at~ially varying rciictonl tceriii
thal't (cC1re51poi1(s to the siiatiidl variationi of thli electronliagnectic field strength
inl tilt w avcgul he. The cqilatiol is 15 011lyzecdld iiti I ii501t.( )Il I's f nunl Whinch
l'('levl .1 ho Sp~~ot lei* ilie (('li CrIN of the Cviicii SILiil 11 (1I U~ll N 1ih el CiIte

lito] )apte CS( iatwirI( until1 it sta--bilizes. The piopnigat i(1 1 ou4h stabhilizat ioul

I Iili( )11C1i(lll Col(lleeli trat Cs thle I liicr( C~lCVC' Cl1(r i llg 1' I lo)eliize( I region 1 Iii iit.
t.hle ceniter Wi ure eleva ted -imi icrat 11r(' iiiav, b e Ceio l.Thins.%,- we o(i-e a

jplallsIbleh ( xplauat-ioli for' t lIn exp erlillielit s d escrib ed inl (vii) weeloca~lized
fieldhs 'Ire' Ilsec to ;ssist I lie joillilig of two rodsic101.

Finlldy, we lae iidc itch an aIalNzec thel( uiiicrowalve heait ilig oif a curIl.]iou
coi t~ed ( I eroinC fibeor 11 5,17). Si ice.( th le electrical unidhictivi t o (f the caroil o
is l1i110 githi g ea [ Hr tlio tha nt of tielt~'rii It. rooiii 'IliperatuIre, tile coating
10; ii ly ieat s ad jiC I t ausferIs thiernia euiergy to tI tceramlic I vI c uididc tionl

This rncis( s thle aveiraige tempi~eraituire Cof the niia t(rial, ohi thle coliv-ect-ive timei(
sCalec, and~ aIfflet s thle inlitial erimicit ion of our snizill Biot theory. The result-s
juedliclc ('I l thle t heory (jialit atiively atgree wi tli ('x1)riuleit s (viii) and gi C
a iiew iuiec(,li~uue!;ii 1,( r rachindllg hitl brt c iuiaccessilble portionis oif thl e s-shaipedl
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responise curvc. A coijlcplte discription of this mnechanismn is contained in
Reference 17.

5. Asymptotic/Num-erical Hybrid Methods: An Example fromn
Acoustic Scattering Theory.

We have developed a hybrid methiod [3], based upon the nicthiod of mnatched
asymuptotic expansions, to study the scattering of a plane acoustic wave from-
a large finite diffraction grating. The inner problemn of an infinite grating
is solved by at well-posed numierical mnethiod fromi which the mnodal amnpli-
tudes are decterminend. The outgoing scattered planle waves do niot satisfy the
Somlerfeld condition so that this approximiation becomnes nionunliformi in the
far field, The outer problemi of a finite strip of unknown sources is alplrox-
imiated by the miethod of stationary phase and the results are iiiatched to
those of the inner lproblelni. The maltchling determinies the alnilhitudes of the
unikniownl sources. W'e have presented an exp~licit formiula for the scattering
cross sectioni wlii(-l1 Wleil(l 1)0th iiiinerical and analytical results. It shows
at highly localized scattering lpatterii wliose miaximia coincidle withi the Bragg
anigles of thec inifinite periodic structure. This localizationi ats well as the linag-
1±itild(es of the m1aximai' clearly le~nionstrat( the effects of the grating's finite

6. Large Finite Dielectric Gxratings.
Thev l)oblern of p~lane wave scatterinig b~y a finiite, burt velectri vally large,

p~eriodlic d ieect-ric grating onl tle ililt.(rfice betwveen Senii- infinlite (lielectriC
u0ie l haIs ;II ii irrq) t anit iiOllel of I ninlcrow;1Nve enerigy co; ipler. W'Vleii thle grat-
illg paranil 'terS fall ill theV ITesozli aie regimei. i.e., the hevight, anld period of
tlie gra t ig arc colini arirlbde to O le waeeg ocf the iliiei-leit. Nwavo, theni IIu-
III(T'Lill Iictii( odI s 1 n'olivi 1niapprop riat e I ecalrise (if tlin dispitrate !lengthi scales

po"'1 We ha.ve appl1 ied Ilie Met liod of Ma;te(lic(( Asniiplt ot iC ExIim~nici~ioi
to c'oiistiriet I Ilv )i(ld1ii'iil~5ii) ot i ixet od for' ('fihieliltly .ai'lrly/iiig

thlis j)1o1lviii [181.
Ajpr nflriatt' scallings of t lie leldepi(I('iit valI-lii "I~lt' ave n-silltCe ill illiel.i

aiid (litlt Ci r( d l(ii's. %%hIose respective solid ioiis 'In. obtainied b y a nirluleri-
Call aiid ;Iii iav e lii('t ioil. r(-,ii~cvfivehy-. Thev ai pi( )d li Iiiirs )1)vi(v .-le~ ii
al Itecr111.rt Ive ii1(et hI I( to Iv:Igt l1.Iit I n vrriiieiell e.; 1,-1 lhiat iois and1 111;Is Il;i( de the I charl-
actcri/'Iizatoji of seatht rilig byfliegrilt ~iA, NI2 wose lenigt l I." of thle order of
tenis (f %vavelenigt1is. A clos''c fo -Iii 'l )xr~'-sWio foil thle sctteilglatternl
lIms bween (h'11lkved ill teiris oi t lie Rayleigih rellectol 1011 iid t -1azisriiissioii ililidhir
aIlipjiit irueS whichi Ila~ve bveli ((it auiied fioiii t lie in1ir'iercah approach1 used t~o
solve t lic mineir prolilenni. Thev de't;ils o)f t hiese calcilnrt-iolis ;1il(h results arv
co(ilt~ii('le Ili lRefeir'icve 18S.



7. Large Membrane Array Scattering.
We have extended the above techniques to study the scattering of a plane

acoustic wave from a large array of baffled membranes [10]. The structure
is a snilple model of an acoustic antenna. Time far field pattern again is
highly localized about the Bragg or mode angles of the inner representation.
The maximum value of this function is directly proportional to the reflection
coefficient determined numerically from the inner problem. Several numerical
examples are presented illustrating these features. Moreover, it is observed
that the asymptotic theory agrees quite well with the exact answer (obtained
by using a finite difference scheme) when there are only three membranes
present.

We have also developed a new numerical method for solving the inner prob-
lem (infinite grating) when many Bragg modes are present. The method is
based upon a finite difference scheme used in conjunction with a new radi-
ation boundary operator. This operator is local in character and effectively
allows the Bragg modes to radiate out of the computational domain (funda-
mental cell). A full description of the method is given in Reference 13.

8. Acoustic Target Reconstruction Using Geometrical Optics Phase
Information.

A simple algorithm, which uses the pliase information from the geomet-
rical optics limit, to construct the qhalpe of an object has been presented
in Reference 3. Essentially, the ph.se in the back scattered direction was
shown to determine the equation of the tangent plane at the unique, but
unknown, specular point. This plane depends upon the two spherical angles
0 and 0, which describe the incident wave direction. The observation that
the tangent plane envelopes the obstacle as 0 and 0 are varied, allowed the
derivation of an ex p licit formula for the equation of time surface in terms of
the measured scattered phase. An analogous two-dimensional fornmula has
also been preseintecd. A full dlescription of the method is givemi in R eference
3.

9. Rapid Pulse Responses for Scattering Problems.
We have recently considered thim numerical computation of the field scat-

tered from a body in two dimensions due to an incident plane p~ressurc pulse.
Ill particular, we have examnined the process of inferring the scattered field
(ble to one ici(]dent pulse given the scattered field due to another incident
pulse. Thec oljective is to develop an indirect niethod that awvids the poten-
tially expensive direct solution of the problem. Our approach is based omi a
formula expressiug the scattered field as a convolution of a kernel with the in-
cidcnt pulse profile. The most straight forward generalization of this formula

|S



to the discrete version of the scatter p)roblemi used inl numerical computationls
does nlot allow the kernel to bc inferred froml a single numiierical experimnct---
a dlifficulty we havc callcd the mnulti-sourcc pro blern. Preprocessing thc iici-

dent pulses using simple iliterlpolatioil formulas overcomes the multii-source
p~roblem giving an exact algorithmi for computing the kernlel. Selection of

.sharp incident pulse (the Kronccker pulse) for the primlary i uliiierical ex-
lperiinent assures stability of this algorithm and permits extrenmely accurate
prediction of the scattered fields for secondary incident pulses. A complete
description of our results can be found inl Reference 11.
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